Controlling combining chromosomes in meiosis is necessary to maintain genome constitutions. The Dryopteirs varia complex is one of the apogamous fern groups which perform recurrent hybridization with unequal meiosis, and produce spores after meiosis of the genome doubling in spore mother cells. We analyzed five low-copy nuclear markers (AK1, EST, GapCp, G6PD, and PgiC) and three regions of plastid DNA (rbL, ndhF and trnL-F). The genetic constitution of the five nuclear markers was the same in the D. varia complex. Therefore, recurrent hybridization seemed to be occurred without homoeologous chromosome paring.
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Controlling combining chromosomes in meiosis is necessary to maintain genome constitutions (Riley and Chapman 1958; Wall et al. 1971; Griffiths et al. 2006) . Especially, meiosis of hybrids does not succeed because appropriate partners to pair are absent (Hirabayashi 1969 (Hirabayashi , 1970 . To solve this problem, allopolyploid has doubled set of chromosomes originated from progenitors to pair (Kihara 1924 (Kihara , 1930 Wagner 1954; Riley and Chapman 1958; Ebihara et al. 2005; Griffiths et al. 2006; Sessa et al. 2012) . Furthermore, allopolyploids can get more genome from other progenitors through recurrent hybridizations. In this case, the set of chromosomes originated from a parental allopolyploid and another parental diploid are also saved (Kihara 1924 (Kihara , 1930 Riley and Chapman 1958; Griffiths et al. 2006; Sessa et al. 2012) .
Many apogamous ferns also have to control behaviors of their chromosomes because they produce spores through delicate mechanism called 'Döpp-Manton scheme' (Döpp 1939; Manton 1950) . In this mechanism, disomic chromosome pairing and meiosis is occurred after genome doubling of spore mother cells. However, if homoeologous chromosomes pair randomly, offspring may have various morphological characteristics because genome constitutions of them are edited, but it does not seem to be occurred in regular shaped spores (Manton 1950) . In fact, if homoeologous chromosome pairing is occurred in spore mother cells, the offspring get difficulty to survive (Otsuki et al. 2012) .
Otherwise, apogamous ferns get genetic diversity through hybridization between sexual species (Grusz et al. 2009; Ebihara et al. 2012; Dyer et al. 2012; Hori et al. 2014) . Apogamous ferns get genetic variation through hybridization maintaining maturity of their spores in three patterns: (1) tetraploid apogamous hybrid between triploid apogamous species and diploid sexual species (Walker 1962; Watano and Iwatsuki 1988; Grusz et al. 2009; Dyer et al. 2012) ; (2) tetraploid apogamous hybrid between diploid apogamous species and tetraploid sexual species (Walker 1962) ; (3) triploid apogamous hybrid between diploid apogamous species and diploid sexual species (Walker 1962; Suzuki and Iwatsuki 1990; Chao et al. 2012; Jaruwattanaphan et al. 2013) ; (4) triploid apogamous hybrid between triploid apogamous species and diploid sexual species (Hori et al. 2014 ); (5) tetraploid apogamous hybrid between can be triploid apogamous species and tetraploid sexual species (Ebihara et al. 2012) . Other patterns of hybridization produce abortive or irregular-shaped spores (Park and Kato 2003; Erkt and Koutecky 2016) . In the pattern (4) and (5), producing diploid apogamous individuals through unequal meiosis by triploid apogamous species prevents increasing ploidy levels of hybrids. In unequal meiosis, two sets of chromosomes compose one set of bivalent, another set of chromosome remain univalent (Hirabayashi 1967; Lin et al. 1992) . If the hybrids cause meiosis without maintaining their genome constitution, abortive or irregular-shaped spores must be produced (Erkt and Koutecky 2016) . Apogamous ferns need to maintain their genome constitution if they get genetic variation frequently without dependence of mutation. (Hori et al. 2014, in press, ed.) . The white square and the gray square indicate diploid progenitors of the D. varia complex and related diploid species other than the complex, respectively. The ellipses indicates apogamous species. The alphabets in squares and ellipse indicate their PgiC constitutions. Even in the case that their PgiC constituiton is A+A+C or A+C+C, it is simply shown as A+C. The alphabets above the squares or ellipses indicate cpDNA genotypes. Gray and black arrows indicate maternal and paternal species, respectively. Gray-dashed arrows indicate apogamous maternal species. Two courses of hybridization can be supposed for related to the formation of D. subhikonensis show the courses as (a) and (b). 
A, E E B C E
In the Dryopteris varia complex (Dryopteridaceae), triploid apogamous species is dominant, diploid sexual species and diploid apogamous types are few (Lee and Park 2013; Hori et al. 2014) . Previous studies reported recurrent hybidization is occurred in the D. varia complex. However, it did not clear whether homoeologous chromosome pairing is occurred under unequal meiosis and Döpp-Manton scheme because only one nuclear PgiC marker have been analyzed (Lee and Park 2013; Hori et al. 2014) . This study tried to clear whether genome constitutions of additional nuclear loci is the same.
MATERIALS AND METHODS
Plant materials All 11 members of the Dryopteris varia complex and three species whose genomes were shown to contribute to some apogamous species of the D. varia complex ( Fig. 1 ; Hori et al. 2014, in press, ed.) were included in this study. In addition, six samples of D. sordidipes, and one sample each of D. expansa, D. gymnophylla, D. handeliana, D. hasseltii, D. monticola, D. polita, D. sabaei, Polystichum lepidocaulon, P. retrosopaleaceum, and Arachniodes aristata were used as outgroups. Voucher information for these samples is listed in the Appendix 1. All the voucher specimens have been deposited in Makino Herbarium of Tokyo Metropolitan University (MAK) and/or the herbarium of Museum of Science and Nature, Japan (TNS), and Taiwan Forestry Research Institute (TAIF).
Cytological observation and estimation of reproductive mode
We counted chromosomes of nine samples from living stocks newly collected in this study (D. varia, five; D. hikonensis, two; D. bissetiana, one; D. insularis, one) . The methods are followed by Hori et al. (2015b) . To observe mitotic chromosomes, root tips of the living stocks were pretreated with 0.004-M 8-hydroxyquinoline for 7 h at approximately 15°C-18°C. After fixation overnight in ethanol and acetic acid (3:1), the root tips were hydrolyzed in 1-N HCl and 45% acetic acid (1:1) at 60C for 10 min before being mashed in a 2% aceto-orcein solution. The chromosomes were observed under a microscope (Leica DM2500) and then photographed by using a digital camera (Leica Application Suite LAS ver. 4.4).
To estimate the reproductive mode of each sample or herbarium specimen, the spore numbers in each sporangium were counted. The sample was estimated to be sexually reproduced if the number was 64, whereas it was estimated to be apogamously reproduced if the number was 32 (Manton 1950) .
Ploidy analyses The methods are followed by Hori et al. (2014) . To examine the ploidy level in the plant materials, the DNA content (2C-value) of each nucleus extracted from 31 fresh pinnae samples was measured by flow cytometry using CyFlow Ploidy Analyzer PA-II (Partec, Munster, Germany) and a CyStain UV Precise P Kit (Partec). Approximately 1,000-2,000 nuclei were measured three times for each sample. Fresh leaf tissues from Nicotiana tabacum L., which has a genome size of 11.71 pg per nucleus (Narayan 1987) , were used as the internal standard.
Molecular analysis of plastid and nuclear markers
For molecular analyses, total DNA was extracted from the silica-dried leaves by using cetyltrimethylammonium bromide solution, according to the method of Doyle and Doyle (1990) .
Firstly, plastid gene rbcL (newly designed primers in this study, Table1) was used in this study as the maternal inherited cpDNA marker (Gastony and Yatskievych 1992) . In addition, we determined sequences of ndhF (Kuo et al. 2016) and trnL-F (Taberlet et al. 1991; Li et al. 2009 ) in a few samples for each rbcL haplotype. Rothfels et al. (2013) designed several universal nuclear markers for ferns. However, their markers were not amplified from our fern materials. Therefore, for developing new nuclear genetic markers, total RNA was extracted from fresh living individuals of Dryopteris saxifraga (diploid sexual species) by using the Spectrum Total Plant RNA Kit (Sigma-Aldrich, St. Louis, Missouri, U.S.A.). cDNA was obtained by the cDNA Synthesis Kit (Roche, Basel) and amplified by PCR. Sequencing was performed on Roche's 454 GS Junior system (Roche, Basel) and approximately 122,963 reads were obtained. The reads were assembled by using SOAPdenovo software (http://soap.genomics.org.cn/soapdenovo.html) and 3,925 contigs (contiguous overlapping sequences) were obtained. Homologs of the genes, which had been often used for the allozyme method, were searched for in databases of the Arabidopsis thaliana project (http://pgsb. helmholtz-muenchen.de/plant/athal/) and the 1,000 Plants (1 KP) project (https://www.bioinfodata.org/Blast4One KP/). Finally, PCR primers for Adenylate kinase 1 gene (AK1, AT5G63400.2, scaffold-FQGQ-2073286), Esterase /Lipase/Thioesterase family protein gene (Esterase, AT3G50790.1, LC228233, scaffold-FQGQ-2010471) and Glucose-6-phosphate dehydrogenase (G6PD, AT5G 40760.1, LC228234, scaffold-FQGQ-2071416) gene were designed (Table 1 ). In addition, the PgiC and GapCp genes were also used in this study. All the primers used are shown in Table 1 .
PCR-single-strand conformation polymorphism (SSCP) analysis
The PCR-SSCP analysis was used to determine allelic variation at the nuclear PgiC locus for each individual according to the method described by Jaruwattanaphan et al. (2013) . The electrophoresis was performed by using gels containing 2% glycerol at 18°C for 16 h at 350 V for AK1 and PgiC; 2% glycerol at 15°C for 14 h at 300 V for G6PD; 2% glycerol at 15°C for 9.5 h at 300 V for GapCp; 5% glycerol at 15°C for 15 h at 300 V for Esterase, followed by silver staining.
To sequence the bands separated on the SSCP gels, the polyacrylamide gel was dried after silver staining by sandwiching the gel between Kent paper and a cellophane sheet on an acrylic back plate at 55 °C for 3 h. To extract the DNA, a piece of the DNA band was peeled from the dried gel by using a cutter knife and was incubated in 50 μL of TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH 8.0) at 37°C overnight. The supernatant solution was used as a template for further PCR amplification with the same primer set employed for the original PCR amplification.
The PCR products were purified by using ExoSAP-IT (USB, Ohio, USA) or Illustra ExoStar 1-Step (GE Healthcare, Wisconsin, USA) and used as templates for direct sequencing. Reaction mixtures for sequencing were prepared by using the BigDye Terminator v.3.1 Cycle Sequencing Kit (Applied Byosystems). The reaction mixtures were analyzed by using an ABI 3130 Genetic Analyzer (Applied Biosystems).
All of the plant samples were classified based on their PCR-SSCP banding patterns and the genomic constitution of each band pattern was identified by determining the nucleotide sequence of each DNA band separated on the SSCP gel.
Phylogenetic analyses
For phylogenetic analyses, only one sequence representing each allele for the nuclear gene loci (AK1, Esterase, GapCp, G6PD, and PgiC) and each haplotype. For phylogenetic analyses, only one sequence representing each allele for the nuclear gene loci (AK1, Esterase, GapCp, G6PD, and PgiC) and each haplotype for cpDNA (rbcL + ndhF + trnL-F) was used in the datasets. The chloroplast and nuclear DNA sequences were aligned using MUSCLE (Edgar 2004) and analyzed separately by neighbor-joining (NJ), maximum parsimony (MP), or maximum likelihood (ML) analyses by using MEGA version 6 (Tamura et al. 2013) . The NJ tree was obtained with the p-distance method (Nei and Kumar 2000) , and the data are expressed as the number of base differences per site. All sites with ambiguous bases were removed from each sequence pair before analysis. The MP tree was obtained by using the subtree-pruning-regrafting algorithm (Swafford et al. 1996) at search level 1, in which the initial trees were obtained by the random addition of sequences (10 replicates). In ML analysis, the best-fitting model of nucleotide substitution for each DNA region was selected by using MEGA version 6 (Tamura et al. 2013) . The AK1 tree was constructed with the HKY +I model, the Esterase tree with the Tamura 3-parameter + G model, the GapCp tree with the Tamura 3-parameter model, the G6PD tree with the Tamura 3-parameter model, the PgiC tree with the HKY + G model, and the rbcL + ndhF + trnL-F tree using the Tamura 3-parameter model + G. Initial tree(s) for the heuristic search were obtained by applying the NJ method to a matrix of pairwise distances estimated by the Maximum Composite Likelihood approach. The indels were treated as missing characters in MP and ML analyses. Therefore, indels are not distinguished on the molecular trees.
The bootstrap method with 1,000 replications was employed to estimate the confidence level of monophyletic groups.
In this study, allele from apogamous species, whose sequence made a clade with those of particular sexual species with high bootstrap value was considered to originate from the sexual species. Therefore, when three alleles from one triploid apogamous species made clades with those of sexual species X, Y, and Z, respectively, genotype (allele constitution) of the apogamous species was estimated as XYZ.
Genetic linkage of the nuclear markers AK1 and
Esterase loci were checked to determine any genetic linkages between the two. Gametophytes were grown for one month on agar plates (Yamada et al., 2016) from spores collected from a single individual of the diploid sexual Dryopteris protobissetiana (Hori 917) , which was heterozygous at both loci. Then, total DNAs were extracted from 46 gametophytes that had been silica gel-dried by the same method as mentioned previously for DNA extraction from the sporophyte samples. Genotypes of the AK1 and Esterase genes were estimated by SSCP analysis. Finally, 2 by 2 contingency chi-square test was conducted to show whether the two loci are linked or not. and D. saxifraga belong to the same clades in the GapCp tree, but they were still able to be distinguished by the positions of indels in their GapCp sequences. Genotypes of triploid apogamous D. hikonensis were either AAC or ACC. However, when the genotype in AK1 locus was AAC, those in the other four loci were also AAC or A/C, never ACC (Appendix 1).
RESULTS

Ploidies and reproductive modes
Molecular phylogenetic tree according to plastid sequence
In the Dryopteris varia complex and its diploid sexual relatives, 11 types of plastid (rbcL + ndhF + trnL-F) sequences were recognized. The data matrix for phylogenetic analyses included 3,324 characters, after editing, of which 837 (25%) were polymorphic and 490 (14%) were parsimoniously informative. NJ, MP, and ML analyses resulted in phylogenetic trees with similar topology. The ML tree (highest log likelihood = −11670.0902) with BPs of NJ/MP/ML analyses is shown in Fig 3. The 
Linkage of the nuclear marker The sporophyte of
Dryopteris protobissetiana (Hori 917 , no. 7) had two alleles in each of the AK1 (C1 and C6 alleles) and Esterase (C4 and C6 alleles) loci. In 46 gametophytes derived from this sporophyte, the p-value of the chi-square test of these two nuclear loci did not indicate marginally significant conflict (Table 3 , P = 0.23). Therefore, AK1 and Esterase are independently inherited nuclear markers. The other three nuclear loci (GapCp, G6pdh, and PgiC) showed too little intraspecific variation within any of the diploid sexual species to test for their independence from other loci. Dryopteris chichisimensis, D. erythrovaria, D. kobayashii, D. sacrosancta, and D. subhikonensis seemed to be composed by at least two times hybridization between progenitors without homoeologous chromosome pairing because they have the same genotypes (allele constitutions) among the five nuclear loci which have three alleles belonging to different three diploid sexual species. Otherwise, we indicated that at least two loci among the five nuclear genes examined, AK1 and Esterase, are not linked. Therefore, recurrent hybridization with unequal meiosis (Lin et al. 1992) seemed to occur without homoeologous chromosome paring in the D. varia complex. In other terms, one set of bivalent in unequal meiosis is composed by not homoeologous pairing, but 'ohnologous' (Natasha et al. 2016) pairing. Apogamous ferns can get genetic variation from sexual species through hybridization with maintaining their genome constitutions, and prevent increasing their ploidy levels. Furthermore, genetic variation of apogamous ferns can be remained if the meiosis of Döpp-Manton scheme repeated.
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